Solution and aging heat-treatments play a key role for the application of the superalloys. The aim of this work is to evaluate the microstructure of the MAR-M246 nickel-based superalloy solutioned at 1200 and 1250°C for 330 min and aged at 780, 880 and 980°C for 5, 20 and 80 h. The c¢ solvus, solidus and liquidus temperatures were calculated with the aid of the JMatPro software (Ni database). The as-cast and heattreated samples were characterized by SEM/EDS and SEM-FEG. The c¢ size precipitated in the aged samples was measured and compared with JMatPro simulations. The results have shown that the sample solutioned at 1250°C for 330 min showed a very homogeneous c matrix with carbides and cubic c¢ precipitates uniformly distributed. The mean c¢ size of aged samples at 780 and 880°C for 5, 20 and 80 h did not present significant differences when compared to the solutioned sample. However, a significant increasing in the c¢ particles was observed at 980°C, evidenced by the large mean size of these particles after 80 h of aging heat-treatment.
Introduction
The MAR-M246 is a polycrystalline nickel-cobalt-tungsten superalloy developed by Martin Marietta Corporation, which became part of Lockheed Martin Inc. (USA) in 1995. This superalloy has been widely employed in rotors of automotive turbochargers and in high-pressure turbo pumps (Ref 1) . The density of MAR-M246 superalloy is 8.44 g/cm 3 and the melting range is between 1315 and 1345°C ( Ref 2) . The MAR-M246 superalloy generally solidifies with a dendritic structure containing carbides and exhibits extensive interdendritic segregation. A variant alloy, called MAR-M246 (Hf), contains 1.5 wt.% hafnium, which is added as a carbide former and grain boundary strengthener. The as-cast microstructure contains carbides and the gamma (c)-gamma prime (c¢), eutectic, as well as the nickel-based matrix which is strengthened by solid-state precipitated c¢ phase (Ref 3) .
Solution heat-treatments are commonly used for nickelbased superalloys and play a key role for the application of these materials at high temperatures (Ref 4, 5) . The purpose of this heat-treatment is to solutionize the c¢ phase in the c matrix and eliminate segregation generated due to non-equilibrium solidification (Ref 6) . Then, aging heat-treatments are applied to provide higher creep resistance by generating very fine secondary c¢ particles with suitable size and distribution in the c matrix ( . To achieve the best results in terms of mechanical properties, the temperature and duration of these heat-treatments must be carefully controlled.
The creep-rupture strength of superalloys is one of the most significant properties to consider during the material selection process. The high-temperature (760-1200°C) creeprupture characteristics of nickel-based superalloys are superior to those of either cobalt or nickel-iron-based superalloys. Cast nickel-based superalloys such as MAR-M246 maintain high stress-rupture strengths at elevated temperatures. (Ref 12, 13) .
The aim of this work is to present the microstructural evolution of MAR-M246 superalloy submitted to different solutioning and aging heat-treatments conditions, correlating and comparing the results with simulations from JMatPro software.
Experimental Procedure
The nominal composition of the MAR-M246 nickel-based superalloy employed in this work is (wt.%): 10 Co; 10 W; 9 Cr; 5.5 Al; 2.5 Mo; 1.5 Ti; 1.5 Ta; 0.15C; 0.05 Zr; 0.015 B; Ni balance. Samples were extracted from the central part of turbo charger rotors via electro-discharge machining for the heattreatment experiments. These samples were encapsulated in quartz tubes under argon atmosphere (min. 99.995%) and then heat-treated in a tubular furnace followed by air cooling. The solution heat-treatments were performed at 1200 and 1250°C for 5.5 h while the aging heat-treatments were performed at 780, 880 and 980°C for 5, 20 and 80 h. A K-type thermocouple was placed near the sample to determine accurately the true temperature of the materials. The heat-treatment conditions were chosen based on data of liquidus, solidus and c¢ solvus temperatures determined from simulations using the JMatPro software (Ni database).
For microstructural characterization, the samples were prepared following conventional metallographic techniques and etched with an aqueous solution of 1% citric and 1% ammonium persulfate. The microstructural analysis was performed with the aid of a conventional scanning electron microscope (SEM) Hitachi TM 3000 with OXFORD Swift ED3000EDS detector and a field emission gun scanning electron microscope (FEG-SEM) JEOL JSM-6701F. The hardness values of all samples were determined using a Buehler Micromet equipment applying a load of 500 gf for 30 s.
The c¢ mean diameters of aged samples were measured directly from the micrographs (approximately 2000 particles randomly distributed) with the aid of ImageJ software. The shape of each particle was approximated to a square and an equivalent diameter was calculated by the relationship A = pd 2 / 4, where A is the area of the square and d is the equivalent diameter of the particle. Figure 1 shows the simulation of phase amount (wt.%) between 600 and 1400°C for the MAR-M246 superalloy. It can be seen that c phase and MC carbides precipitate almost simultaneously near 1360°C, c being the primary phase. The liquidus, solidus and c¢ solvus temperatures are 1361, 1317 and 1181°C, respectively. Based on this, on equilibrium conditions the temperature range for solution heat-treatment of the MAR-M246 superalloy is between 1181 and 1317°C. It should be pointed out that in this range the alloy is not c single-phase, being also composed of MC carbide and M 3 B 2 /MB 2 boride phases. Figure 2 shows the amount of minor phases from JMatPro simulations for the same temperature range. For the solution temperature range (between 1181 and 1317°C), it can be seen that the MC carbide is stable and does not decompose while the MB 2 boride decomposes and forms the M 3 B 2 boride near 1230°C. In addition, other phases (M 23 C 6 and M 6 C carbides, M 3 B 2 boride and l phase) may be present in the lower temperature region of aging treatment (between 780 and 980°C). Table 1 shows the simulation (JMatPro software) of expected amount of phases at 780, 880 and 980°C. The amount of c¢ and M 23 C 6 phases increases and that of M 6 C carbide decreases as the aging temperature is reduced. Finally, the c¢ fraction for MAR-M246 superalloy decreases from 64.6 wt.% at 780°C to 59.1 wt.% at 880°C and 50.8 wt.% at 980°C.
Results and Discussions

Thermodynamic Simulations with JMatPro
Microstructural Characterization of the As-Cast Material
Figure 3(a) shows the as-cast microstructure of MAR-M246 nickel-based superalloy. It can be seen a segregated dendritic microstructure and MC carbides in the interdendritic regions, with different sizes and morphologies. The mean value of primary dendrite arm spacing (3 measurements) is about 68 lm. As expected, c¢ precipitates formed via a solid-state reaction during cooling were observed in the primary c dendrites, as depicted in Fig. 3(b) , associated with a decrease in aluminum and titanium solubility in c at lower temperatures. Standardless EDS analysis of the MC carbide phase (13 measurements) identified the main metallic elements present as follow (in wt.%): 27.4 ± 4.3 Ti, 8.6 ± 0.8 Cr, 8.3 ± 1.6 Mo, 10.9 ± 1.9 Ta, 12.7 ± 2.3 W (C removed from the quantification). Other elements are Ni (24.0 ± 2.5), Al (3.4 ± 0.4) and Co (4.7 ± 0.5) which were detected likely due to matrix effect on the EDS measurement. The EDS x-ray mapping from the carbide phase is shown in Fig. 4 . Despite the presence of borides from the JMatPro simulations results, they were not detected in the samples, possibly because of their very small amount and size.
Microstructural Characterization of Solutioned Samples
It was possible to note an important effect of a 50°C temperature increase in the microstructures, by comparing the samples solutioned at 1200°C (Fig. 5a ) and 1250°C for 330 min (Fig. 5b) . Evidences of segregation in the dendritic regions are still observed after heat-treated at 1200°C for 330 min. However, the microstructure of the alloy heat-treated at 1250°C for 330 min shows a homogeneous c matrix with carbides. Figure 6 (a) and (b) shows the c¢ phase in the samples heattreated at 1200 and 1250°C for 330 min, respectively, noting some c¢ clusters in the sample heat-treated at 1200°C. At the solution heat-treatment temperature, the primary c¢ particles from the as-cast microstructure begins to break down and dissolves gradually into smaller particles known as secondary c¢ up to the complete c¢ phase dissolution, leading to an 
Microstructural Characterization of Aged Samples
The equilibrium volume fraction of c¢ precipitated during aging is dictated by thermodynamics. Figure 7 (a) shows higher magnification c¢ precipitates in the sample solutioned at 1250°C for 330 min while Fig. 7 (b-j) shows micrographs from samples aged at different conditions after solution at 1250°C for 330 min. The c¢ precipitates present in all aged samples are uniformly distributed in the c matrix.
The morphology of the precipitates depends on the value of the c/c¢ mismatch at the aging temperature. Table 2 shows the c/c¢ mismatch calculated with JMatPro software for MAR-M246 superalloy at the aging temperatures. A near zero mismatch will induce a more round shape and a mismatch (negative or positive) different of zero will lead to a more cuboidal shape. Higher is the mismatch amplitude, more cuboidal is the precipitate shape.
It can be seen that the morphology and size of the precipitates from the aging at 780°C are almost comparable with the as-solutioned sample, whatever the duration of the aging treatment. The aging treatments at 780°C have no effect on the morphology and size of the precipitates as the temperature is too low to induce significant evolution of the microstructure. However, the aging treatments at 880°C and 980°C, in spite of higher lattice mismatch, clearly induce changes in size and/or morphology of the precipitates, as these temperatures are sufficiently high to activate significant coarsening (Ref 14) . Figure 8 shows both simulated (JMatPro software) and minimum/maximum measured values of c¢ mean diameter as a function of aging conditions (time and temperature). The initial c¢ particles mean diameter for simulations was 110 ± 20 nm, b Fig. 7 (a which corresponds to the measured mean diameter in solutioned sample (Fig. 6b) . For 780 and 880°C, the simulated values are between the minimum and the maximum measured values. Additionally, samples heat-treated at 780 and 880°C for 5, 20 and 80 h have not shown significant differences in the mean c¢ size when compared to the solutioned sample, in agreement with the low c¢ coarsening rates calculated with the aid of JMatPro software at these temperatures (14.2 nm/h 1/3 at 780°C and 37.7 nm/h 1/3 at 880°C). However, at 980°C the simulated values were slightly higher than those measured for 20 and 80 h. A significant increase in the c¢ coarsening rate is observed at 980°C, evidenced by the large mean size of these particles after 80 h of aging heat-treatment (Fig. 7j) . The c¢ coarsening rate at 980°C is 94.2 8 nm/h 1/3 , 6.6 and 2.5 times higher than those at 780 and 880°C, respectively. Table 3 shows the hardness values of MAR-M246 superalloy after different aging heat-treatments. The hardness of ascast and solution heat-treated (1250°C for 330 min) was 381 ± 12 and 415 ± 20 HV, respectively. It shows that the hardness did not vary significantly between the as-cast and heat-treated samples. Figure 9 shows the comparison between the c¢ mean diameter and the hardness values for the aged samples. It can be seen a tendency of lower hardness values for higher aging temperature, which should be mainly related to higher c¢ particle sizes at higher temperature.
Hardness Measurements
Conclusions
The results of this investigation concerning the MAR-M246 nickel-based superalloy have led to the following data:
• the c¢ solvus, solidus and liquidus temperatures calculated with JMatPro software were 1181, 1317 and 1361°C, respectively; • the microstructure of the as-cast material presented a segregated dendritic microstructure and MC carbides with high aspect ratio and composed mainly by Ti, Cr, Mo, Ta, W; • the microstructure of the alloy heat-treated at 1250°C at 330 min showed a very homogeneous c matrix with carbides and cubic c¢ precipitates uniformly distributed with approximately 110 ± 20 nm in size; • the mean c¢ size of aged samples at 780 and 880°C for 5, 20 and 80 h did not present significant differences when compared to the solutioned sample. However, a significant increasing in the c¢ particles was observed at 980°C, evidenced by the large mean size of these particles after 80 h of aging heat-treatment.
• The hardness of as-cast and solution heat-treated (1250°C for 330 min) was 381 ± 12 and 415 ± 20 HV, respectively. It can be seen a tendency of lower hardness values for higher aging temperature, which should be mainly related to higher c¢ particle sizes at higher temperature.
